Subset heterogeneity of the mononuclear phagocyte system (MPS) is controlled by defined transcriptional networks and programs; however, the dynamic establishment of programs that control broad, orchestrated expression of transcription factors (TFs) during the progression of monocyte-into-phagocyte (MP) differentiation remains largely unexplored. By using chromatin immunoprecipitation assays, we show the extensive trimethylation of histone H3 lysine 4 (H3K4me3) as well as histone H3 lysine 27 (H3K27me3) occupancy with broad footprints at the promoters of MP differentiation-related TFs, such as HOXA and FOXO genes, KLF4, IRF8 and others. The rapid repression of HOXA genes was closely associated with the MP differentiation program. H3K4me3 participates in regulating HOXA genes at mild and terminal differentiation periods, while H3K27me3 maintains low-level expression of HOXA genes at phagocytic maintenance periods. Furthermore, the reprogramming of H3K27me3 plays a major role in the up-regulation of KLF4 and FOXO genes during MP differentiation. Importantly, the pharmacological inhibition of H3K4me3 and/or H3K27me3 strikingly promotes the differentiation programs of THP-1 and K562 cells. Together, these findings elucidate mechanisms crucial to the dynamic establishment of epigenetic memory, which is central to the maintenance of the MP differentiation blockade.
Introduction
The mononuclear phagocyte system (MPS) is a heterogeneous group of myeloid cells, including monocytes (Mo), macrophages (Mφ), and dendritic cells (DC). In the MPS schema, peripheral blood monocytes function as a repository of Mφ and DC precursors that enter the lymphatic organs or peripheral tissues, where they differentiate appropriately into Mφ or DC [1, 2] . Adult tissue Mφ are defined as terminal cells of the mononuclear phagocytic lineage with high CD11b expression, originate in the embryo and intermingle with monocyte-derived macrophages, which are derived from circulating monocytes that originate in the bone marrow (BM) [1, 2] . Such subset heterogeneity is obtained via lineage diversification and specification, which is controlled by defined transcriptional networks and programs [1, 2] . The transcription factor (TF) Kr€ uppel-like family 4 (KLF4) is a well-defined key positive regulator of monocyte-to-phagocyte (MP) differentiation [3, 4] . The negative regulation of KLF4 by forkhead transcription factor C1 (FOXC1) is also involved in differentiation blockage during acute myeloid leukemia (AML) [5] . In this regard, the expression of FOXC1 collaborates with ectopic homeobox A9 (HOXA9) expression to block MP differentiation [5] . A reduction in FOXP1 is also required for promoting the differentiation program of Mo-into-Mφ and for the active function of Mφ [6] , indicating an essential role for FOX family genes in regulating immune cell differentiation. In addition to these TFs, SFPI1 (PU.1), EGR-1, STAT3, GFI1, GATA2, GBX2, NUR77, retinoic acid receptors, C/EBPa and b, and cMaf, as well as members of the NF-jB family, are all widely involved in the regulation of MP differentiation [7] . Although the action of these TFs in the regulation of MP development is well defined, the dynamic establishment of programs that accurately regulate multiple TFs in a stage-and lineage-specific manner remains largely unexplored.
Site-specific histone modifications are a major epigenetic program for maintaining stable gene transcription during development [8] . Several evolutionarily conserved SET domain proteins have been shown to possess histone 3 lysine-specific methyltransferase (HMTase) activity [8] . The best-characterized HMTases are the Trithorax group (TrxG) and Polycomb group (PcG) proteins [8] . Enhancer of zeste homolog 2 (EZH2) belongs to the PcG family, and its SET domain specifically trimethylates histone 3 lysine 27 (H3K27me3), leading to transcriptional repression of target genes [8] . A reduction in FOXC1 expression in the hematopoietic system is maintained by PcGmediated H3K27me3, and loss of activity at this genomic locus contributes to derepression of FOXC1 and MP differentiation blockage [5] . Substantially reduced frequencies and numbers of T and B cells were observed in the spleens of EZH2-deficient mice, suggesting that EZH2 controls early B-cell lineage development and CD4 + Th1 and Th2 cell differentiation [9, 10] . Furthermore, genetic deficiency of EZH2 increases natural killer (NK) cell lineage commitment and differentiation in vivo [11] . These findings suggest that immune cell differentiation depends on stage-and lineage-specific epigenetic regulators, such as PcG, which determine genome-wide expression patterns in precursors [12, 13] . The mixed-lineage leukemia proteins (MLL) are orthologs of TrxG genes that functionally antagonize PcG [8] . The MLL SET domain specifically catalyzes H3K4me3 and leads to the activation of genes, such as HOX [8, [14] [15] [16] [17] . Menin, the product of the MEN1 gene, is a highly specific partner for the MLL complex, and it links the MLL complex to target gene promoters [14] . Thus, the disruption of menin/MLL interactions by specific compounds results in the failure to regulate HOXA expression and suppresses MLL-AFs fusion protein-induced leukemogenesis in vitro and in vivo [15] [16] [17] . Currently, a genomewide understanding of the mechanistic and functional importance of TrxG partners in the regulation of MP differentiation is lacking. Saeed et al. found that Mo differentiating into Mφ undergo substantial histone modifications, including H3K4me1 and me3, which underlie innate immunity in humans [13] . Furthermore, leukemia stem cells (LSCs) maintain an epigenetic state of relatively high genome-wide H3K4me3, and the differentiation of LSCs is associated with reversal of epigenetic profiles and the loss of global H3K4me3 [18] . These findings raise the hypothesis that broad epigenetic profiles are central to the maintenance of lineage determination and differentiation of MPS and to the accurate response of multiple TFs to developmental and environmental signals.
The present study was conducted to investigate the epigenetic landscape of MPS cells underlying these broad transcriptional changes and determine the potential role of dynamic histone remodeling programs in the control of MP differentiation.
Results
The expression of HMTase in response to PMAinduced MP differentiation
To determine the dynamic establishment of programs in control of broad, orchestrated TF expression, we introduced inducible Mo-into-Mφ differentiation cell models. In the well-established cell model for investigating MPS biology, treatment with phorbol 12-myristate 13-acetate (PMA) effectively promotes MP differentiation of myeloid lineage cells through agonist PKC pathways [19, 20] . In accordance with these reports, the PMA treatment of human AML THP-1 cells led to a high rate of phagocytosis, with marked morphological changes (Fig. 1A) and high expression levels of the mature monocyte/macrophage marker CD11b in a time-dependent manner, whereas CD11b expression levels were modestly increased in K562 cells (Fig. 1B) . PMA treatment rapidly activated ERK1/2 and NF-jB at 0.5 h, which then decreased after 24 or 48 h, whereas AKT was dramatically activated in THP-1 cells from 24 h until 72 h (Fig. 1C) , at the conclusion of which MP differentiation was successfully achieved [19] . Furthermore, time-dependent c-Myc repression and STAT activation were also found after exposure to PMA (Fig. 1C) . Similar to the results in THP-1 cells, treatment with PMA also clearly activated MAPK, NF-jB, and pI3K/AKT pathways in K562 cells (Fig. 1D) .
Based on previous reports of potential epigenetic mechanisms regulating immune cell differentiation [9] [10] [11] [12] [13] , we hypothesized that the activation of PKC signaling might extend to an HMTase axis during MPS development. In a time-course of PMA stimulation, N-terminal MLL proteins (MLL-N) were rapidly expressed from 1-24 h; expression was then dramatically reduced after 24 h, whereas there was no obvious effect on the expression of EZH2 (Fig. 1C) . Exposure to PMA also strikingly up-regulated the expression of MLL in K562 cells, but it did not affect the expression of EZH2 (Fig. 1D) . THP-1 but not K562 cells carry the MLL-AF9 fusion protein, which is a driven genetic/epigenetic event causing leukemia [21] . Exposure to PMA (1-50 ngÁmL
À1
) for 72 h decreased both wild-type MLL-N and MLL-AF9 fusion proteins in THP-1 cells but did not affect EZH2 levels (Fig. 1E) . Unlike THP-1 cells, K562 cells still maintained a higher level of MLL expression after 72 h of exposure to PMA compared with untreated K562 cells (Fig. 1E) . We did not detect the MLL-AF9 fusion protein in K562 cells. The expression levels of wild-type AF9 and EZH2 were not affected by 72-h PMA treatment (Fig. 1E) . We further investigated how the PKC The phosphorylation and total protein levels of NF-jB p65 or ERK1/2, MLL-N and MLL-AF9 were determined by western blotting. *P < 0.05; **P < 0.01; ***P < 0.001. pathway extends to regulate expression of MLL. Treatment with LY294002, a specific inhibitor of the pI3K/AKT pathway, significantly up-regulated the expression of both wild-type MLL-N and the MLL-AF9 fusion protein (Fig. 1F) , whereas inhibitors of the NF-jB and MAPK pathways did not affect the expression of MLL or MLL-AF9 (Fig. 1G,H) . Together, these findings indicate that the activation of the PKC pathway by PMA extends to an MLLHMTase axis, at least partly through pI3K/AKT, suggesting a potential role for histone remodeling enzymes in regulating MPS development.
Redistribution of covalent histone modifications during MP differentiation
To define the profile of histone methylation during the differentiation of Mo-into-Mφ, we performed immunofluorescence (IF) staining of specific histone marker antibodies in PMA-treated THP-1 cells. The cell nuclei were counterstained and visualized using DAPI staining, which showed that THP-1 cells treated with PMA displayed nuclear chromatin concentration and edge accumulation, and the nuclei became smaller during differentiation ( Fig. 2A) . In accordance with our western blotting results (Fig. 1C) , the nuclear colocalization of MLL and H3K4me3 was transiently increased after 24 h of exposure to PMA and reduced after 48 h (Fig. 2B) . The repressive H3K27me3 was specifically catalyzed by EZH2 and functionally antagonized H3K4me3 [22] . The nuclear localization of H3K27me3 was activated during the progression of MP differentiation (Fig. 2C) , although the expression of EZH2 was not affected by PMA (Fig. 1C) . These data suggest that chromatin undergoes re-establishment of global covalent histone modifications during the differentiation of Mo-into-Mφ.
The HOXA cluster rapidly responds to PMAinduced MP differentiation
The HOXA cluster encodes a DNA-binding transcription factor that is pivotal to regulating morphogenesis and differentiation [23, 24] . The overexpression of HOXA genes causes a block or delay in hematopoietic differentiation [23, 24] . To gain insight into the mechanistic and biological importance of HOX genes in MP differentiation, we observed the dynamic properties of HOXA expression in PMA-induced THP-1 cells. Concomitant with enforced MP differentiation, HOXA mRNA expression was reduced in THP-1 cells by treatment with PMA ( Fig. 3A) . Notably, the expression of HOXA6, A7, and A13 was dramatically silenced from 1 h to 72 h after exposure to PMA (Fig. 3B ). This is consistent with previous reports that the expression of HOXA4, A7, A10, A11, and MEIS1 is down-regulated during MP differentiation in THP-1 cells [25] . Next, THP-1 cells were treated with PMA for 6 h and separated into suspension and adherent cells. Giemsa staining showed that the adherent cells (initial differentiation) displayed a bluish-gray cytoplasm and a smaller, irregular nucleus compared to suspended THP-1 cells (Fig. 3C ). The expression levels of HOXA6 and A13, but not HOXA7, were significantly reduced when suspension THP-1 cells became adherent and began to differentiate (Fig. 3C ). Importantly, HOXA6 and A13 double siRNA knockdown (siHOXA6,13), alone or combined with PMA (12 h exposure), significantly increased CD11b expression on THP-1 cells (Fig. 3D ). AEB071 is a potent inhibitor of novel and classical PKC isoforms. Treatment with AEB071 completely blocked the reduction of HOXA6, A7, and A13 by exposure to PMA (Fig. 3E) , indicating that repression of HOXA was specifically responsive to the PKC pathway during PMA-induced THP-1 cell differentiation. Furthermore, specific blockade of the PI3K or NF-jB pathways also effectively reduced HOXA6 and A7 expression in a time-dependent manner (Fig. 3F ). However, blocking MAPK pathways did not affect the expression of HOXA6 or A7 in THP-1 cells (Fig. 3G ). The expression of HOXA7 and A13 (0-24 h) was also reduced in K562 cells exposed to PMA (Fig. 3H) . Together, these results clearly show that the HOXA cluster specifically and rapidly responds to PKC pathways during MPS development, which is a necessary mechanism for controlling the differentiation of myeloid lineage cells.
Reprogramming of histone methylation maintains repression of HOXA during MP differentiation
We next addressed the dynamic epigenetic programs at specific genes. The HOXA cluster is targeted by both TrxG and PcG via H3K4me3, H3K79me2, and others [26] . Our IF results showed the redistribution of both H3K4me3 and H3K27me3 during the differentiation of Mo-into-Mφ (Fig. 2) . Figure 4A shows a schema for the progression of THP-1 differentiation by PMA treatment. According to CD11b + flow cytometry (FCM) analysis and phagocytic morphological characteristics, we defined the steps of MP differentiation as initial (Fig. 4B), mild (Fig. 4C), terminal (Fig. 4D) , and maintenance of (Fig. 4E ) differentiation. The chromatin immunoprecipitation (ChIP) assays clearly showed that menin and MLL strongly bound to the promoters of HOXA6, A7, and A13, and there were abundant H3K4me3 modifications in THP-1 cells (Fig. 4F) . However, no clear changes were observed after 4 h of treatment with PMA (Fig. 4B,F) . The expression of HOXA6, A7, and A13 was reduced in THP-1 cells treated with MI-2 ( Fig. 4G) , an inhibitor of menin/MLL interactions that specifically targets H3K4me3 [17] , suggesting a substantial requirement for H3K4me3 in the maintenance of HOXA transcription in myeloid cells. Furthermore, both H3K27me3 and H3K79me2 occupied the promoter of HOXA6; however, this was not affected by treatment with PMA for 4 h (Fig. 4B) . A dramatic reduction in covalent H3K4me3 modifications at the promoters of the HOXA cluster was determined by ChIP assays in THP-1 cells exposed to PMA for 24 and 72 h (Fig. 4C,D) . These results suggest that the repression of HOXA genes is associated with H3K4me3 at the mild and terminal differentiation stages but not the initial stage. Unexpectedly, H3K27me3 modification at the promoters of HOXA6, A7, and A13 was obviously decreased in THP-1 cells treated with PMA for 24 h (Fig. 4C,D) , which was not in accordance with the dramatic reduction in HOXA expression at the same time point (Fig. 3A,B) . This is likely because H3K27me3 functions as an antagonistic mechanism to H3K4me3, with both competing to regulate the transcription of HOXA genes in the process of MP differentiation. Inversely, treatment with PMA dramatically increased H3K27me3 of HOXA promoter loci in THP-1 cells at 6 days, a phagocytic differentiation maintenance status (Fig. 4E) . Throughout the experiments, H3K79me2 occupancy at the HOXA6, A7, and A13 promoters in THP-1 cells was not effectively modified by exposure to PMA (Fig. 4B-E) . These findings suggest that either H3K4me3 or H3K27me3 regulates the transcription of HOXA genes at early or late stages of THP-1 phagocytic differentiation, respectively. Collectively, these data suggest that reversal histone remodeling programs maintain low expression levels of HOXA genes to promote the differentiation of Mo-into-Mφ.
MP differentiation-related TFs are negatively regulated by H3K27me3
Given that the down-regulation of HOXA genes alone is insufficient to determine MP differentiation, we further asked whether other MP differentiation-related TFs were also regulated by histone remodeling. The FOX transcription factors negatively regulate monocyte differentiation, and FOX expression is associated with the robust expression of HOXA genes in AML [5] . Various post-translational mechanisms participate in the regulation of FOXO inactivation [27] ; however, the transcriptional regulation of FOXO3 has not been well established. The mRNA levels of FOXO1 and O3 in THP-1 cells were clearly stimulated by exposure to PMA (Fig. 5A ). In accordance with this, FOXO1 and O3 protein levels were also up-regulated in THP-1 cells treated with PMA for 24 or 12 h; however, they were dramatically silenced at 48 and 24 h (Fig. 1C) . We further evaluated a potential action of histone modification in the regulation of FOXO transcription. Using H3K27me3-, H3K4me3-, and H3K79me2-specific antibodies, we found abundant histone modifications at the FOXO promoters in THP-1 cells (Fig. 5B-D) . Exposure to PMA dramatically reduced covalent H3K27me3 modification at the promoters of FOXO1 and O3 in THP-1 cells at 72 h (Fig. 5B) , which is consistent with the increasing mRNA levels of FOXO1 and O3 (Fig. 5A) , suggesting that H3K27me3 is involved in the transcriptional regulation of FOXO ) for 4 h. IgG was set as a negative control. (G) Relative mRNA levels of HOXA6, A7, and A13 were determined by qRT-PCR in THP-1 cells treated with MI-2 (6.25, 12.5 and 25 lM) for 3 days. The data are represented as the mean AE SD, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001.
during PMA-induced differentiation. Treatment with PMA did not affect H3K4me3 and H3K79me2 as the promoters of FOXO in THP-1 cells at 72 h (Fig. 5C,  D) . The pharmacological inhibition of H3K27me3 by GSK126 effectively released the expression of FOXO1 and O3 in THP-1 cells (Fig. 5E) ; however, it did not affect up-regulation of FOXO by PMA, further suggesting that H3K27me3 is involved in the transcriptional regulation of FOXO during PMA-induced differentiation.
Interestingly, we also found that H3K4me3 and H3K27me3 co-occupied the promoters of KLF4, TET1, FOXC1, and other genes (data not shown); the functional importance of these TFs in controlling immune cell differentiation has been well established [7, 28] . To determine whether these TFs are relevant physiological targets of covalent histone remodeling during THP-1 cell differentiation, we performed quantitative RT-PCR (qRT-PCR) analysis. Treatment with PMA dramatically stimulated mRNA expression of KLF4, whereas it ) at the indicated time. (G) ChIP assays using antibodies against H3K27me3 and H3K4me3 were performed with primers for the KLF4 promoter in THP-1 cells after exposure to PMA for 72 h. IgG was used as a negative control. (H) Relative mRNA levels of KLF4 were determined by qRT-PCR in THP-1 cells treated with GSK126 (5 lM) for 6 days. The data are represented as the mean AE SD, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001. modestly increased FOXC1 expression (Fig. 5F ). The expression of TET1 was rapidly silenced in THP-1 cells treated with PMA (Fig. 5F ). Based on the pivotal action of KLF4 in promoting MP differentiation [3] , we further examined histone reprogramming at KLF4 regulatory regions during MP differentiation. Exposure to PMA significantly decreased H3K27me3, but not H3K4me3, modification at the KLF4 promoter locus after 72 h (Fig. 5G) . Treatment with GSK126 effectively up-regulated expression of KLF4 in THP-1 cells (Fig. 5H) . These findings clearly show that transcription of KLF4 is negatively regulated by H3K27me3 during MP differentiation. Together, these results indicate that MPS development and maintenance of a transcriptional program is mechanistically orchestrated by the broad reprogramming of histone methylation.
Reversal of global H3K4me3 and H3K27me3 promotes MP differentiation
We further examined if histone remodeling is functionally necessary to control the MP differentiation blockade. Treatment with the H3K4me3 inhibitor MI-3 (17.2%) or the H3K27me3 inhibitor GSK126 (24.7%), but not the H3K79me2 inhibitor EPZ004777 (4.0%), effectively increased levels of the phagocytic marker CD11b on the , 12 h). The cell culture media were collected 3 days after siRNA KD. The levels of IL-6 and TNF-a were measured by ELISA. The data are represented as the mean AE SD, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001.
surface of THP-1 cells (Fig. 6A,B) . Following exposure to the inhibitors, THP-1 cells displayed typical features of terminal differentiation (Fig. 6B, right panel) . Although the K562 cells did not effectively respond to PMA (Fig. 1B) , the global reversal of H3K4me3 or H3K27me3 by MI-3 (9.0%) or GSK126 (35.2%), respectively, significantly increased CD11b expression on K562 cells (Fig. 6C) . Strikingly, the combined treatment of MI-3 and GSK126 synergistically promoted the MP differentiation program of THP-1 (91.9%) and K562 (68.9%) cells (Fig. 6A-C) , which suggests that reversal of histone methylation promotes the differentiation program of myeloid lineage cells.
We further asked whether histone reprogramming mechanisms were involved in the functional activation of MPS. Although exposure to MI-3 did not affect expression of the proinflammatory cytokine IL-6, it completely blocked LPS-or PMA-induced up-regulation of IL-6 in THP-1 cells (Fig. 6D) . Treatment with GSK126 did not affect the expression of IL-6 in THP-1 cells (Fig. 6D) . Furthermore, both MI-3 and GSK126 significantly diminished PMA-but not LPSstimulated expression of TNF-a in THP-1 cells (Fig. 6E) . Finally, siRNA-mediated KD of HOXA13 modestly down-regulated the expression of IL-6 and TNF-a and modestly antagonized PMA-induced upregulation of IL-6 and TNF-a in THP-1 cells (Fig. 6F) . Taken together, our results indicate the functional importance of H3K4me3 and H3K27me3 in the differentiation and activation of MPS.
Reversal of epigenetic memory is involved in differentiating bone marrow progenitor cells
To further confirm the gene-specific establishment of H3K27me3 and H3K4me3 levels during differentiation, we utilized a primary BM-derived macrophage model (Fig. 7A,B) [29] . The supernatant of L929 cells (sus-L929) contains abundant macrophage colony-stimulating factor (M-CSF), a lineage-specific growth factor that is responsible for the proliferation and differentiation of committed myeloid progenitors into cells of the Mo/Mφ lineage [30] . Interestingly, we found that the MLL and EZH2 genes (Fig. 7C) , as well as HOXA (Fig. 7D) and FOXO (Fig. 7E) gene clusters, were highly expressed in undifferentiated BM precursors but were dramatically down-regulated in differentiated Mφ following exposure to sus-L929. The dramatic decreasing tendency of HOXA is necessary for the MP differentiation in both THP-1 and BM differentiation models ( Figs 3A,B and  7D ), but the alternation of FOXO was not consistent in these two models. Treatment with MI-3 or GSK126 effectively down-or up-regulated the expression of HOXA6 in a dose-dependent manner in primary BM cells, respectively (Fig. 7F) . These data further indicate that primary BM-derived Mφ were undergoing histone methylation and regulated the expression of some important differentiation-related genes.
Discussion
In this study, we used inducible MP differentiation cell models to examine the dynamic establishment of epigenetic memories during the progression of Mo-into-Mφ differentiation.
Using genome-wide approaches, we demonstrated a fundamental necessity for histone remodeling programs in precisely regulating broad TF expression in development of the MPS. In our findings, during the differentiation of MPS cells, occupancy of broad histone marks at promoters of closely related TFs with broad footprints was extensive. Indeed, the expression of specific TFs was regulated by dynamic establishment of histone methylation at their promoters during MP differentiation. For instance, expression of the HOXA cluster was rapidly silenced, and the repression of HOXA genes was closely associated with the differentiation program of Mo-into-Mφ. In this respect, covalent H3K4me3 modifications preferentially participated in the regulation of HOXA genes at mild and terminal differentiation periods, while H3K27me3 maintained low-level expression of HOXA genes at the phagocytic maintenance period (Fig. 4) . Our findings suggest that the dynamic regulation of the HOXA cluster by epigenetic memories exerts an important, yet previously unappreciated, biological function in regulating MPS development. In addition, both H3K27me3 and H3K4me3 covalent modifications were present at the promoter of KLF4, an essential positive regulator of MPS development [3, 4] . In accordance with the up-regulation of KLF4 by PMA treatment, the modification of H3K27me3 at the promoter locus was decreased in differentiated Mφ. Furthermore, the redistribution of H3K27me3 at FOXO promoter loci also contributed to the up-regulation of FOXO genes in MPS development. The overexpression of FOX genes contributed to maintenance of the MP differentiation blockade [5] . Thus, we speculate that the up-regulation of FOXO by diminished H3K27me3 is a protective mechanism to antagonize the repression of HOXA genes and prevent monocytes from maintaining a lowdifferentiation status. We also observed that H3K79me2 occupied the promoters of HOXA genes; however, it did not effectively respond to PMA-induced differentiation of THP-1 cells. In support of our observations, it was reported that the expression of MLL-AF9 strongly contributes to cell growth but does not affect terminal differentiation of AML cells [21] , suggesting a redundancy or lack of effect of H3K79me2 in the regulation of MP differentiation. Collectively, these studies have unraveled crucial mechanisms, whereby histone remodeling controls orchestrated expression of broad TFs, uncovering novel epigenetic memories involved in MP differentiation. Significant work remains to comprehensively explain the cooperation among major targets of histone remodeling in precisely controlling the progression of MP differentiation.
Importantly, the removal of epigenetic memories strikingly interfered with Mo-into-Mφ differentiation programs. In this regard, the mutually antagonistic chromatin modifications of H3K4me3 (active) and H3K27me3 (repressive) simultaneously control the MP differentiation blockade. The pharmacological inhibition of H3K4me3 or H3K27me3 effectively promoted differentiation programs in THP-1 and K562 cells. Strikingly, the combined inhibition of H3K4me3 and H3K27me3 synergistically promoted differentiation programs. This observation is in accordance with the hypothesis that these epigenetic memories fulfill their responsibilities and synergize to control MPS development. Collectively, these findings advance our understanding of the molecular mechanisms of epigenetic memories, which are central to the maintenance of the MP differentiation blockade.
Functionally, mature MPS are necessary for the homeostatic maintenance of tissues and are also crucial for both innate and adaptive immune responses [1, 2] . When tissues are damaged following infection or injury, circulating inflammatory Mo differentiate into Mφ as they migrate into and take up residence in the affected tissues, further contributing to the elimination of invading organisms [2] . Inversely, if the inflammatory Mφ response is not quickly controlled, it can become pathogenic and contribute to disease progression, as is seen in many chronic inflammatory and autoimmune diseases, such as Crohn's disease and multiple sclerosis [2] . These inflammatory Mφ also trigger substantial collateral tissue damage. For example, alterations in MPS differentiation and/or activation are frequently involved in the initiation, propagation, and progression of atherosclerosis [31] . To date, limited research has focused on the epigenetic mechanisms of these diseases. Comprehensive clarification of the mechanisms of Mo-into-Mφ differentiation and activation has important theoretical and practical significance for establishing effective interventions in such diseases. Significant functional and mechanistic work remains to further demonstrate how alterations in histone reprogramming contribute to MPS-related immunopathological processes and host defense.
Altogether, our studies have unraveled crucial mechanisms, whereby changes in the epigenetic landscape of MPS cells underlie broad changes in TF expression, thus demonstrating that histone reprogramming is fundamental in the process of MP differentiation.
Materials and Methods

Cell lines and cell culture
Cell lines THP-1 and K562 were obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China), maintained in RPMI-1640 medium (Gibco, Shanghai, China) supplemented with 10% FBS (Hyclone, Logan, UT, USA) and 1% penicillin/streptomycin. Cells were kept at 37°C with 5% CO 2 .
Reagents
The agonists/antagonists used in the study were listed as follows: PMA (79346, Sigma, Shanghai, China), PDTC (P8765, Sigma), AEB071 (S2791, Selleck, Shanghai, China), LY294002 (S1105, Selleck), U0126 (S1102, Selleck), MI-3 (S7619, Selleck), EPZ004777 (S7353, Selleck), GSK126 (HY-13470, MedChem Express, Shanghai, China).
Chromatin immunoprecipitation
Chromatin immunoprecipitation assays were performed as previously described (20) . Briefly, 5 9 10 6 cells were fixed with 1% formaldehyde and then processed according to the protocol of the ChIP Assay Kit (Millipore, Shanghai, China) with the indicated antibodies or IgG. The antibodies and primer pair sequences for the ChIP assays are shown in Table 1 and 2, respectively.
Flow cytometry analysis
A number of 2 9 10 5 cells/sample was collected, washed with cold PBS. The related antibody (Table 1 ) was diluted at 1 : 50 in cold PBS containing 10% FBS, and added to the cells incubating for 30 min at 4°C in dark. Cold PBS was then used to wash the cells to remove the redundant antibody. The cellular fluorescence intensity was detected with flow cytometer (Beckman Gallios, Shanghai, China). Cells stained with isotype IgG were set as the negative control. Data were analyzed by using FLOWJO V10, LLC, Ashland, OR, USA. Gating strategy was showed in Fig. 6A .
Western blotting and immunofluorescence staining
Western blotting and IF staining were performed as previously described (19, 20) . The antibodies are listed in Table 1 . The stained cells were analyzed and photographed with a confocal microscope (Olympus FV1000, Shanghai, China). 
Wright-Giemsa staining
In total, 2 9 10 5 THP-1 cells were resuspended in 100 lL PBS, spun onto a microscope glass slide via centrifugation at 800 rpm for 10 min and left to air dry. The cells were stained with Wright-Giemsa for 30 min. Finally, stained cells were washed under running tap water and left to air dry before they were permanently mounted using a coverslip and DPX neutral mounting media. Images were obtained using an Olympus BX65 and analyzed using CELLSENS software (Olympus, Shanghai, China).
Gene knockdown by siRNA
The siRNAs for HOXA6 and A13 genes (Santa Cruz Biotechnology, Dallas, TX, USA) were introduced into cells using X-tremeGENE siRNA Transfection Reagent (Roche, Shanghai, China) according to the transfection protocol.
Quantitative RT-PCR
RNA was extracted using the TRIzol method. One microgram of RNA was reverse transcripted into cDNA with PrimeSciptTM RT reagent kit (TaKaRa, Dalian, China). qRT-PCR was performed as previously described (19, 20) using an ABI StepOne detection system with the primers listed in Table 2 . The qRT-PCR reactions were performed using SYBR Green (Roche Applied Science, Shanghai, China) technology and were repeated at least three times. The mRNA level is relative to b-actin, using the formula: the relative mRNA level = 2-MCT.
Enzyme-linked immunosorbent assay
Briefly, protein levels of IL-6 and TNF-a were measured from the supernatant of cultured cells by enzyme-linked immunosorbent (ELISA) (R&D Systems, Minneapolis, USA) according to the manufacturer's instructions.
Animals
C57BL/6 mice were housed in a temperature-controlled sterile room where humidity and light were carefully controlled and monitored. Animal welfare and experimental procedures were performed strictly in accordance with animal welfare and other related ethical regulations approved by the Institutional Animal Care and Use Committee of the Medical College at Xiamen University.
Isolation of bone marrow cells and induction of differentiation
Bone marrow cells were isolated according to the Cold Spring Harbor Protocol [30] . In brief, 6-8-week-old SPF C57BL/6 mice were euthanized by cervical dislocation, and the femur and tibia were then separated. Bone marrow cells were flushed with RPMI 1640 medium and collected by centrifugation. Red blood cell lysis buffer (Beyotime, Shanghai, China) was added to remove red cells. BM cells were maintained in the supernatant of L929 cells to differentiate into BM-derived macrophages.
Statistical analysis
All statistical analyses were performed using SPSS (Statistical Package for the Social Sciences) version 17.0 software (SPSS, Inc.; Chicago, IL, USA). The data were expressed as the means AE SD. Two group comparisons were analyzed with two-tailed Student's t-tests. In all cases, P < 0.05 was considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.
